The thermal annealing of amorphous tracks of nanometer-size diameter generated in lithium niobate (LiNbO 3 ) by Bromine ions at 45 MeV, i.e., in the electronic stopping regime, has been investigated by RBS/C spectrometry in the temperature range from 250°C to 350°C. Relatively low fluences have been used (<10 12 cm −2 ) to produce isolated tracks. However, the possible effect of track overlapping has been investigated by varying the fluence between 3 × 10 11 cm −2 and 10 12 cm −2 . The annealing process follows a two-step kinetics. In a first stage (I) the track radius decreases linearly with the annealing time. It obeys an Arrhenius-type dependence on annealing temperature with activation energy around 1.5 eV. The second stage (II) operates after the track radius has decreased down to around 2.5 nm and shows a much lower radial velocity. The data for stage I appear consistent with a solid-phase epitaxial process that yields a constant recrystallization rate at the amorphouscrystalline boundary. HRTEM has been used to monitor the existence and the size of the annealed isolated tracks in the second stage. On the other hand, the thermal annealing of homogeneous (buried) amorphous layers has been investigated within the same temperature range, on samples irradiated with Fluorine at 20 MeV and fluences of ∼10 14 cm −2 . Optical techniques are very suitable for this case and have been used to monitor the recrystallization of the layers. The annealing process induces a displacement of the crystallineamorphous boundary that is also linear with annealing time, and the recrystallization rates are consistent with those measured for tracks. The comparison of these data with those previously obtained for the heavily damaged (amorphous) layers produced by elastic nuclear collisions is summarily discussed.
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Introduction
It is well known [1, 2] that elastic nuclear collisions between an incident ion-beam and a material constitutes a mechanism of energy losses (nuclear stopping power S n ) that is dominant at low energies (roughly, E < A MeV, with A the mass number). When the energy transferred to the target atom overcomes a certain value (displacement energy E D ), the atom is ejected from its lattice site and point defects (Frenkel pairs) are generated [1, 3] . At sufficiently high fluences (in the range 10 15 -10 17 cm −2 ), defect clustering develops, and a quasi-amorphous layer develops monotonically at the end of the ion range, i.e., the region where the ions are implanted.
On the other hand, abundant experimental evidence is being gathered showing that defects can be also cumulatively created by every individual ion impact in the regime where the electronic stopping power S e is dominant [4] . The structure of these defects is not yet clear, although some detailed data on InP [5] do not show significant differences in the atomic structure of samples amorphized by electronic excitation and elastic collisions. It has been definitely ascertained by several techniques that linear amorphous tracks can be generated along the ion trajectory if the electronic stopping power is above a certain threshold value [6] [7] [8] [9] [10] [11] . These tracks have a nanometer diameter and are surrounded by a region of strongly defective material (halo). When the irradiation fluence is high enough so that individual tracks overlap, a rather homogeneous amorphous layer is generated [12, 13] . For LiNbO 3 , the final amorphous layer has a well-defined refractive index (n = 2.10 at λ = 633 nm), independently of the irradiation conditions [13] , suggesting that a steady-state phase is achieved. Moreover, its amorphous character has been ascertained by Raman spectroscopy [12] .
The most often used approach to describe track formation is the so-called thermal spike mostly developed by Toulemonde and coworkers [14] [15] [16] [17] . It assumes that a hightemperature spike is formed along the ion trajectory and melting can occur. The subsequent rapid cooling leads to amorphization. However, there is evidence that electronic excitation may play a relevant role in the damaging process [18] . Along this line, a nonradiative exciton-decay model has been advanced [19, 20] that explains the main features of track formation for LiNbO 3 and possibly other oxides. In this model point defects are generated around each ion trajectory through a synergy between the thermal spike and the associated excitation spike. Under multiple ion impacts, the overall defect concentration grows by accumulation, and amorphization occurs at a threshold as a defectdriven phase transition [21] that causes a lattice collapse.
The formation of amorphous tracks by electronic excitation offers very interesting capabilities in nanotechnology. They can be etched (usually by chemical agents) to generate nanopores (or even nanopatterns) that can act as traps for foreign molecular species (sensors) or be refilled with other substances to form nanocomposite materials with novel optical, electrical, and magnetic properties [22] [23] [24] [25] . On the other hand, the formation of amorphous layers with a lower refractive index has been advantageously used to fabricate high-confinement optical waveguides [26] [27] [28] . They can be formed at the surface or inside the material depending on the stopping power curve. One main advantage of the electronic excitation method is the possibility of tailoring the thickness of the waveguide and of the tunneling barrier that is responsible for a substantial fraction of the optical losses. The new method has been recently used to fabricate ring resonators [29] with nanometric-size confinement of the light.
The purpose of this work has been to investigate the thermal stability of the amorphous tracks and layers generated by swift-ion irradiation in LiNbO 3 . So far, most information concerning annealing of radiation damage in oxides has been performed in the cases where nuclear mechanisms are dominant (nuclear collision regime) or there is a severe mixing of both electronic and nuclear mechanisms [30] [31] [32] [33] [34] . The study presented in this paper has, first, a basic interest in order to get a deeper insight into the annealing behavior of the amorphous regions generated by electronic excitation (electronic excitation regime). For this case, we have shown that the processes involved in the crystal recovery closely resemble those operating during epitaxial regrowth (solid-phase epitaxy). From the applied side our study offers the possibility of modifying the geometry of the nano-structured photonic material produced by the low-fluence swift irradiations and tuning their effective refractive index. On the other hand, the recrystallization of the amorphous buried layers offers a convenient method to tailor the performance parameters of the optical waveguides produced at the sample surface and provides an additional tool for the design of photonic components.
Experimental
Congruent (Z-cut and X-cut) LiNbO 3 plates were purchased from Photox. They were irradiated in the 5-MV tandem accelerator installed at the Centro de Microanalisis de Materiales (CMAM-UAM) [35] . Beam current density was lower than 50 nA/cm 2 to avoid excessive heating and charging. In fact, by using a high-precision infrared camera (VarioCAM high resolution, Jenoptic Laser, Optik, System GmbH) mounted on a ZnSe viewport it was assessed that the sample temperature was kept below 100 • C. For experiments on isolated tracks, Br ions at 45 MeV and fluences below 10 12 cm −2 were mostly used to avoid significant track overlapping. For the annealing of homogeneous amorphous layers, irradiations were performed with F ions at 20 MeV and moderate fluences, ∼10 14 cm −2 . At this energy the maximum electronic stopping power is buried in the sample. Stopping curves for the ions used in this work are shown in Fig. 1 . Annealing treatments were performed with two different set-ups in air atmosphere. For the annealing of thick uniform layers, the sample was kept (from 30 minutes to several hours) in a standard tubular Carbolite furnace with an integrated Eurotherm temperature controller assuring thermal uniformity and stability better than 1 • C. On the other hand, for tracks (low fluences of Br 45 MeV), we built a system that consisted of an aluminum solid block with a flat horizontal surface with a cylindrical cartridge heating element inside and a thermocouple located just under the position of the sample. The temperature of the aluminum
